A critical regulatory element in many promoters transcribed by RNA polymerase II is the "TATA" box, which is located 25-30 nucleotides upstream of the transcription initiation site. TFIID is a biochemically defined HeLa cell nuclear fraction containing a transcription factor activity that binds specifically to the TATA box and is critical in determining both basal and regulated promoter activity. Recently, the gene for a TATA-binding protein was cloned and found to bind to various TATA elements and to substitute for TMID in stimulating basal gene expression in in vitro transcription systems. However, it is possible that additional cellular factors can bind to the TATA element and influence the level of gene expression. By using Agtll expression cloning with oligonucleotides corresponding to the human immunodeficiency virus 1 TATA element, we report the identification ofa cellular protein with a calculated molecular mass of 123 kDa that we designate TATA element modulatory factor (TMF). TMF binds to the human immunodeficiency virus 1 TATA element in gelretardation assays and inhibits activation of the viral long terminal repeat by the TATA-binding protein in in vitro transcription assays. TMF contains leucine-zipper amino acid motifs and exhibits homology in its DNA binding domain with the phage-encoded DNA binding protein Ner. Chromosomal mapping localizes the TMF gene to human chromosome 3p12-p21, which is a site of frequent rearrangements in lung and renal carcinomas. Thus, TMF is a transcription factor that likely regulates the expression of both viral and cellular genes.
The regulation of gene expression is a complex process involving the interaction of both sequence-specific DNA binding and general initiation factors (for review, see refs. 1 and 2). A cis-acting regulatory motif known as the TATA element is located 25-30 nucleotides upstream of the transcription initiation site in many RNA polymerase II transcription units (3) (4) (5) (6) . The initial step in the formation of a functional transcription complex requires the binding to the TATA element of cellular factors present in a biochemically defined fraction known as TFIID. The interaction of factors in the TFIID fraction with other general transcription factors and RNA polymerase II results in a multiprotein complex that is capable of transcription initiation and subsequent elongation (3) (4) (5) (6) (7) . This initiation complex is the likely target for the regulation mediated by upstream regulatory proteins and viral transactivators.
Cloning from yeast, Drosophila, and human sources of the gene encoding a component of the TFIID fraction referred to as the TATA-binding protein (TBP) has been reported (for review, see ref. 6 ). The cloned TBP can substitute for a heat-sensitive activity in HeLa nuclear extracts and is necessary for basal expression of polymerase II promoters in in vitro transcription assays (7) . TBP associates with a number of distinct proteins known as coactivators that are present in both Drosophila and human nuclear extracts (8, 9) . This association is presumed to be critical for modulating the transcriptional activity of TBP since the cloned TBP alone is not sufficient to activate gene expression in response to upstream regulatory proteins (8, 9) .
Given the fact that a single transcriptional regulatory element is frequently capable of binding several different DNAbinding proteins (2) , it is possible that cellular factors other than TBP can bind to the TATA element and participate in regulating gene expression. To Chromosomal Mapping of TMF. The chromosomal localization of TMF was determined by Southern blot analysis of human-mouse chromosomes (14) . Normal human metaphase chromosomes were examined by in situ hybridization with the TMF cDNA followed by exposure to photographic emulsion for 1 week (15) .
RESULTS
Isolation of TMF. The isolation of cDNA clones encoding sequence-specific DNA binding proteins has been facilitated through the use of Agtll expression screening with ligated oligonucleotides corresponding to specific DNA binding sequences (10) . By employing this technique with a probe containing the TATA element of the HIV-1 LTR, we isolated a cDNA whose protein bound specifically to the HIV-1 TATA element (Fig. 1A) . Partial cDNA clones derived from this Agtll clone were used as probes to identify additional cDNA clones from HeLa-cell AgtlO and Agtll libraries. Overlapping sequences from multiple independent clones allowed a 3.5-kilobase composite TMF cDNA to be constructed that terminated in a poly(A) tract and contained multiple stop codons upstream of the initiating methionine and in the C terminus (Fig. 1A) .
The composite TMF cDNA encoded a protein of 1093 amino acids (Fig. 1A) . A search of the protein databases [National Biomedical Research Foundation (release 20) and Swiss-Prot (release 8) (16)] revealed the presence of a TMF domain that exhibited strong homology to the prokaryotic DNA binding protein Ner, encoded by the bacteriophage D108 (17) (Fig. 1B) . Analysis of the binding specificity and DNA contact points of Ner indicated that it bound to an element consisting of two direct repeats that flanked an A+T-rich region encompassing the transcription initiation site ofthe bacteriophage Pe and Pc2 promoters (17) . A similar DNA sequence arrangement is found in the HIV-1 promoter, which has two imperfect direct repeats containing the sequence CANNTG (where N is any nucleotide) flanking the TATA sequence (11 The amino acid sequence of TMF revealed the presence of several potential leucine zippers consisting of a minimum of three helical turns with every seventh amino acid encoding leucine, isoleucine, or other amino acids that have been found in functional leucine zippers of other transcription factors (19) (Fig. 1A) . The N terminus of TMF, in addition, contains numerous serine-proline and threonine-proline repeats that have previously been noted in a variety of cellular regulatory proteins (20) . Since TMF is a senine-and threonine-rich protein, it may serve as a target for multiple cellular kinases involved in signal transduction pathways. Finally, two consensus sequences for ubiquitin-mediated protein degradation similar to those found in members of the cyclin family were noted (21) . Therefore, it is likely that TMF is regulated by multiple cellular control mechanisms.
Northern Blot Analysis and in Vitro Translation of TMF.
Northern blot analysis using a portion of the TMF cDNA demonstrated that HeLa cells contain two major TMF transcripts of -4.0 and 4.5 kilobases (Fig. 2A) (Fig. 1A) was expressed in bacteria as a GST fusion protein. Gel-retardation analysis was performed with labeled oligonucleotides corresponding to HIV-1 TATA region nucleotides -46 to -10 and either GST protein alone (Fig. 3A, lane 1) or the GST-TMF fusion protein (Fig. 3A , lane 2). GST alone did not result in a gel-retarded complex but GST-TMF resulted in a major gel-retarded species (Fig. 3A , lane 2). Competition analysis with unlabeled oligonucleotides corresponding to either the HIV-1 TATA region (positions -46 to -10) or the HIV-1 TAR element (positions +10 to +52) indicated GST-TMF binding was competed efficiently by oligonucleotides corresponding to the TATA region (Fig.  3A, lanes 3-5) but not the TAR element (Fig. 3A, lanes 6-8) .
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To further define the binding specificity of TMF, competition analysis was performed with both wild-type and mutated oligonucleotides from the HIV-1 TATA region. Oligonucleotides corresponding to the HIV-1 TATA element specifically bound GST-TMF (Fig. 3B, lane 3 ) and a 50-, 100-, or 200-fold molar excess of unlabeled wild-type competitor TATA element oligonucleotides competed for GST-TMF binding (Fig. 3B, lanes 4-6) , whereas mutated oligonucleotides with a TATAA -) GCGAA substitution in the TATA element competed poorly for GST-TMF binding (Fig. 3B,  lanes 7-9) . Oligonucleotides with substitutions in the direct repeats flanking the TATA element competed with the same relative efficiency as wild-type oligonucleotides for GST-TMF binding (data not shown). TMF also bound specifically to the adenovirus major late promoter TATA element (data not shown). These results suggest that the TATA sequence is the critical site for the binding of TMF.
Role of TMF in the in Vitro Transcription of the HIV-1 LTR. Next we determined whether TMF could influence the level of HIV-1 gene expression. In vitro transcription assays of the HIV-1 LTR were performed to examine the effects of in vitro-translated TBP and TMF proteins. No effect was seen when equal quantities of in vitro-translated TMF or TBP proteins were added to in vitro transcription assays of the HIV-1 LTR containing untreated HeLa nuclear extract (Fig.  4A, lanes 1-4) , probably because the endogenous levels of these factors in HeLa nuclear extract masked the effects of the in vitro-translated proteins added.
We next assayed the effect of TMF in the absence of endogenous TBP. HeLa nuclear extract was heated to 47TC for 15 min to destroy endogenous levels of TBP as described (22) , and then transcription was assayed in the presence of in vitro-translated TBP, TMF, or both TBP and TMF (Fig. 4B,  lanes 1-5) . Heat treatment of HeLa nuclear extract markedly decreased expression from the HIV-1 LTR (Fig. 4B, lanes 1  and 2) . However, addition of in vitro-translated TBP increased the level of gene expression whereas TMF did not result in similar increases (Fig. 4B, lanes 3 and 4) . Addition of both TMF and TBP inhibited activation of the HIV-1 LTR (Fig. 4B, lane 5) . A labeled 260-base-pair (bp) DNA fragment was included in each in vitro transcription reaction mixture as an internal control for RNA recovery (Fig. 4B) . These results suggest that TMF is capable of inhibiting basal TBP transcriptional activation probably by preventing the binding of TBP to the TATA element.
Chromosomal Mapping of TMF. The chromosomal localization of the human genomic sequences that hybridize to the TMF cDNA was determined by Southern blot analysis of a panel of 14 mouse-human somatic cell hybrids that has been used for the chromosomal assignment of a large number of human genes (14) . This analysis indicated that TMF resides on human chromosome 3. The regional localization of the TMF gene was examined by in situ hybridization of the TMF cDNA to normal human metaphase chromosomes followed by autoradiography (23 short arm of chromosome 3 with peak accumulation occurring over 3p12-p21, which is the site of chromosomal alterations associated with a variety of human malignancies (23) (Fig. 5) . No other major grain accumulations were observed on other chromosomes. The explanation for the relatively broad grain distribution over the short arm of chromosome 3 is unclear, but the distribution suggests that this region contains a family of genes hybridizing to the TMF cDNA.
DISCUSSION
The TATA box is a cis-acting regulatory region that is conserved in most RNA polymerase II transcription units.
Biochemical fractionation of HeLa nuclear extract identifies an activity, TFIID, that is responsible for binding to the TATA element and provides an in vitro transcriptional activity necessary for interaction with both upstream and general initiation transcription factors (3) (4) (5) (6) (7) . TBP, a highly conserved component of the TFIID fraction binds to the TATA element and stimulates basal levels of expression in in vitro transcription assays (6) . The association of TBP with a variety of cellular factors known as coactivators is necessary Biochemistry: Garcia et al.
Proc. Natl. Acad. Sci. USA 89 (1992) for stimulation of gene expression in response to upstream activator proteins (8, 9) . TBP also stimulates transcription of promoters transcribed by both RNA polymerases 1 (24) and III (25, 26) . Thus TBP appears to be a crucial regulatory protein in controlling various classes of gene expression.
The TATA element may also be subject to regulation by the binding offactors other than TBP. Genetic evidence suggests that the specific sequence of the TATA element can strongly influence the degree to which a promoter is stimulated by upstream activator proteins and viral transactivators (27) (20) , and a DNA binding domain with homology to the Ner protein (17) suggests that TMF may be an evolutionarily conserved transcriptional regulator. Furthermore, the localization of TMF to chromosome 3pl2-p21, which is a frequent site of chromosomal rearrangements and deletions in a variety of human malignancies including lung and renal carcinomas, suggests a biologically significant role for TMF (23 
